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Abstract
Hydrogenated amorphous silicon (a-Si:H) grown by PECVD has a lower loss tangent (tan δ) among conventional di-
electrics (such as SiO2 and SiNx) and hence is considered as the best amorphous dielectric material for superconducting
qubit application. The incorporation of PECVD a-Si:H into the Nb technology requires attention due to the possible
degradation of the superconductivity of the Nb ﬁlms. Superconducting transition temperature (Tc) and residual resistiv-
ity (ρ0) of 20 nm, 50 nm and 100 nm thick Nb ﬁlms were measured before and after a-Si:H deposition. The penetration
of oxygen and hydrogen inside the Nb ﬁlms was evaluated from the variation of the lattice parameter obtained by X-ray
diﬀraction. The high process temperature (250◦ C) and the presence of energetic hydrogen ions during the a-Si:H layer
growth caused a decrease of Tc and increase of ρ0 through two physical processes: 1) oxygen diﬀusion from the surface
Nb oxides and 2) hydrogen diﬀusion inside the Nb ﬁlms. The degradation of Tc was reduced with the increase of the
ﬁlm thickness. Nitridation of Nb ﬁlms and deposition of a sputtered thin amorphous silicon layer (a-Si) on the Nb ﬁlms
(in both cases made in situ after the Nb ﬁlm deposition) were investigated as surface treatments to protect the Nb ﬁlms
during PECVD. It was demonstrated that both methods markedly reduce oxygen and hydrogen diﬀusion into Nb ﬁlms
during a-Si:H deposition, but the a-Si layer was more eﬀective to protect the Nb ﬁlms.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
The research activity of the last years in the ﬁeld of superconducting Josephson quantum bit (qubit) has
shown that a major source of decoherence in such devices are microscopic two-level state (TLS) defects in
the dielectric materials [1], whose origin has not been yet fully identiﬁed. These defect are commonly found
in all the amorphous dielectrics involved in the qubit fabrication, including the tunnel barrier, the layers
for wiring insulation, and the capacitor dielectrics [2]. Thus, the material research devoted to optimize the
dielectrics in order to reduce decoherence in next generation superconducting qubits is recently very intense.
Among the conventional amorphous dielectrics typically utilized in microelectronics (such as SiO2, SiNx,
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etc.), hydrogenated amorphous silicon (a-Si:H) has the lowest tan δ [3], having a high structural coordination
number and defects passivated by hydrogen, and is considered as the best amorphous dielectric material for
superconducting qubit application [4].
One of the best methods for low defective a-Si:H ﬁlm growth, widely used for fabrication of solar cells,
optical waveguides, and MEMS, is the plasma enhanced chemical vapour deposition (PECVD) [5], where
silane (SiH4) is plasma-decomposed in hydrogen ions and other reactive species, and condensation of a-Si:H
takes place on a heated substrate (150 - 300 ◦ C, typically) to form an amorphous hydrogen-rich ﬁlm [6].
Niobium, as a refractory superconductor, is still considered as a perspective material for fabrication
of robust and reliable Josephson devices for a number of key applications, such as biomedical SQUID
application, high-speed superconducting digital circuits (RSFQ), mm-wave receivers and sub-millimeter
wave mixers, and as voltage standard [7]. The high robustness and reliability of Nb Josephson devices,
as well as its high thermal and chemical stability, attracted the researchers to apply the Nb technology for
realization of superconducting qubit based on Josephson eﬀect [8, 9, 10].
It is important to note that, for a qubit realization, the a-Si:H ﬁlm has to be deposited on top of patterned
superconductor layers which locally act as metal substrate for the PECVD process. The requirement of
a relatively high substrate temperature and the presence of energetic hydrogen ions during the PECVD
process can easily deteriorate the Nb superconducting properties by means of two physical processes: (1)
the oxygen diﬀusion from the surface oxide, naturally present before the insertion of the sample inside the
PECVD chamber, and (2) the penetration of the hydrogen inside the metal during the a-Si:H deposition.
In fact, it is commonly known that the addition of interstitial oxygen and hydrogen to Nb deteriorates
its superconducting properties, specially its superconducting transition temperature Tc [11, 12, 13]. The
dissolution of the natural oxides layer on a Nb surface, accompanied by the oxygen diﬀusion into the Nb
bulk has been observed to start at 150◦ C and reach a maximum at ∼ 300◦ C [14]. This eﬀect is also
expected during the PECVD process when the Nb ﬁlm must be heated up to ∼ 250◦ C to produce high
quality a-Si:H ﬁlms. Furthermore, it is well known that, since Nb is a strong getter material, the hydrogen is
eﬃciently adsorbed and diﬀused into the ﬁlms, leading to the so called ”hydrogen Q disease”, a degradation
of the quality factor of superconducting Nb RF-cavities [15]. Thus it is clear that the incorporation of
PECVD a-Si:H into the Nb technology requires careful attention, due to the possible degradation of the
superconductivity of the Nb ﬁlms.
All the available data show that there are two main methods to prevent the oxygen and hydrogen diﬀusion
inside a Nb ﬁlm. The ﬁrst is the plasma nitridation of the Nb surface, which has been successfully utilized in
order to prevent the oxygen diﬀusion in Nb wiring and to maintain its superconductivity after annealing at
300◦ C [16]. The plasma nitridation seems to be an eﬀective method also to prevent the hydrogen diﬀusion
inside a Nb ﬁlm because of the trapping of hydrogen by additional interstitial sites produced by nitrogen
interstitials near the ﬁlm surface [17, 18]. It is important to note that the trapping eﬀect takes place also in
case of interstitial oxygen and carbon [17]. The second method is the deposition of a sputtered thin (∼ 3 nm)
amorphous silicon (a-Si) layer on the Nb ﬁlm. As was reported in [19], the Nb base electrode was protected
from the hydrogen diﬀusion during the fabrication of a-Si:H tunnel barrier Josephson junctions by means of
this method.
The present paper is devoted to the investigation of the eﬀect of the PECVD of the a-Si:H ﬁlm on the
superconducting properties of a Nb ﬁlm. In particular the measurements of the superconducting transition
temperature Tc and residual resistivity ρ0 were correlated with the X-ray diﬀraction (XRD) analysis applied
to estimate the oxygen and hydrogen diﬀusion inside the Nb ﬁlms. Nitridation of Nb ﬁlms and deposition
of a sputtered thin a-Si layer on the Nb ﬁlms (in both cases made in situ after the Nb ﬁlm deposition) were
investigated as methods to protect the Nb ﬁlms during the PECVD process.
2. Experimental Procedure
Nb ﬁlms were deposited at ICIB-CNR on 3” Si substrates by DC magnetron sputtering in a cryo vacuum
deposition system, at an Ar pressure of 2.0 x 10−3 Torr at room temperature. The base pressure was in the
10−9 Torr range. The Nb ﬁlms were fabricated at low deposition rate (0.35 nm/s). Films of niobium with
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thicknesses of 20.6 ± 2.2 nm, 51.1 ± 6.4 nm, and 90.6 ± 2.1 nm were deposited, as measured by a Tencor
AlphaStep 100 proﬁlometer.
The minimal thickness of ∼ 20 nm was chosen as a compromise in order to satisfy two requirements:
to obtain a measurable eﬀect of the oxygen and hydrogen diﬀusion on the superconducting properties (a
thinner ﬁlm is favorable) and to provide suﬃcient material thickness for the XRD analysis (a thicker ﬁlm is
favorable). Some of the 20 nm thick samples (identiﬁed as Nb(20)) were left untreated after the deposition
and subsequently exposed to natural oxidation in air. Another part of the 20 nm thick samples was treated
in situ by RF-nitrogen plasma process for 3 min before breaking the vacuum. We identify these samples
as Nb(20)/Nb Nitride. The nitrogen pressure was 2.0x10−2 Torr and the DC bias voltage was -200 V; these
conditions seem to give an eﬃcient growth of a 3-5 nm thick nitride layer [16]. The last part of the 20 nm
thick samples (identiﬁed as Nb(20)/Si) were protected in situ by a 3 nm thick RF-sputtered a-Si ﬁlm, before
breaking the vacuum. The 50 nm and 100 nm thick Nb samples were not subjected to any surface protection
treatment.
Subsequently, all the ﬁlms were patterned by UV photolithography and etched by reactive ion etching
(RIE) in a CF4+5%O2 atmosphere. The sample design (Fig. 1) comprises a Nb strip (50 μm wide and 2000
μm long) whose superconducting properties were measured by four-point DC technique, and a suﬃciently
large Nb area in order to perform XRD analysis. This sample design allows to investigate the superconduct-
ing properties and to make the XRD measurements on the same sample. It is important to note that all the
Fig. 1. Micrograph of a patterned 20 nm Nb ﬁlm, be-
fore the PECVD a-Si:H deposition: the 2000 μm long
strip for the electrophysical four-point DC measure-
ments and the large Nb area for the X-ray analysis are
clearly visible.
samples which were treated by nitrogen plasma, were exposed to nitrogen plasma for a second time also
after the patterning (under the same RF-nitrogen plasma conditions used for the top surface) in order to form
a nitride layer also on the sidewalls of the Nb ﬁlms [20].
The samples destined to the a-Si:H deposition (with and without protective surface treatment) were
covered by a 300 nm thick a-Si:H ﬁlm grown at ENEA by very high frequency (VHF) PECVD at 100 MHz,
using pure silane (SiH4) at substrate (i.e. Nb ﬁlms) temperature of 250◦ C [5]. In order to distinguish
the heating eﬀect, mostly acting on oxygen diﬀusion, from the eﬀect of hydrogen diﬀusion caused by the
exposure of the ﬁlms to high energy hydrogen ions, we also investigated the eﬀect of a simple thermal
annealing on a selected group of samples (identiﬁed as annealed), heated inside the same PECVD chamber
at 250◦ C at a pressure of 5 × 10−7 Torr (no gas was introduced) and for a time identical to that of the 300
nm a-Si:H deposition.
All the samples where characterized in terms of both superconducting and microstructural properties.
The dependence of the Nb stripline resistance R on temperature was measured by a four-point DC technique,
with a temperature accuracy of 0.01 K. The superconducting transition temperature Tc was evaluated as the
midpoint of the resistive transition and the superconducting transition width ΔTc, deﬁned as the temperature
interval between the two points associated with the 10% and 90% of the resistance taken just before the
superconducting phase transition [21]. The value of R(10 K) was utilized for estimation of the residual
resistivity ρ0.
The crystallographic properties of the Nb ﬁlms, namely the orientation normal to the substrate surface,
the crystal lattice parameter a along this direction, and the crystalline grain size L were investigated by XRD
analysis by using a Bruker D8 Advance diﬀractometer with Cu-Kα radiation source in Bragg-Brentano
geometry.
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3. Results and Discussion
The experimental data from the measurements of the electrophysical properties and from the XRD anal-
ysis are summarized in Table I.
Sample Tc(K) ΔTc (K) a (Å) ρ0 (μΩcm)
A Nb(20) reference 7.27 0.19 3.330 ±0.003 17.22
B Nb(20) annealed 5.69 0.13 3.330 ±0.003 17.22
C Nb(20)/a-Si:H 4.29 0.25 3.372 ±0.002 39.43
D Nb(20)/Nb Nitride reference 8.16 0.02 3.289 ±0.005 10.99
E Nb(20)/Nb Nitride annealed 7.05 0.04 3.310 ±0.005 18.92
F Nb(20)/Nb Nitride/a-Si:H 6.59 0.06 3.311 ±0.004 21.52
G Nb(20)/Si reference 8.44 0.03 3.288 ±0.006 30.01
H Nb(20)/Si annealed 8.28 0.02 3.293 ±0.003 10.97
I Nb(20)/Si/a-Si:H 8.02 0.04 3.303 ±0.003 11.91
Table 1. Superconducting transition temperature Tc, superconducting transition width ΔTc, crystal lattice parameter a and intrinsic
resistivity ρ0 of the 20 nm thick Nb samples with diﬀerent surface treatment before and after annealing at 250◦ C and PECVD growth
of the a-Si:H layer.
The XRD measurements of all the Nb ﬁlms revealed a polycristalline structure with the main diﬀraction
peak corresponding to the Nb (110) planes parallel to the substrate surface. As an example, curve (a) of
Fig. 2 shows the θ − 2θ XRD pattern of the reference Nb(20) ﬁlm. In spite of the small ﬁlm thickness,
Fig. 2. X-ray diﬀraction patterns of Nb(20) ﬁlms
without any surface treatment: (a) reference sample;
(b) sample after annealing; (c) sample after a-Si:H
deposition. Curves (b) and (c) evidently show the
shift of the peak position to lower angles and, hence,
demonstrate the expansion of the Nb crystal lattice
caused by the oxygen and hydrogen diﬀusion.
the sensitivity of the XRD method was suﬃcient in order to distinguish the small Nb (110) diﬀraction peak
from the large peaks associated with the Si substrate. The values of the crystalline grain size L estimated
from the breadth of Nb (110) diﬀraction peak of the reference samples were between 7.6 Å and 11.7 Å.
The superconducting transition curves of the 20 nm Nb ﬁlms with diﬀerent surface treatment before
and after both annealing at 250◦ C and a-Si:H deposition by PECVD are shown in Fig. 3. The deposition
of the 300 nm a-Si:H layer by PECVD resulted in a deterioration of the Nb superconducting properties,
namely, in the reduction of Tc and increase of the superconducting transition width. This deterioration
of the superconductivity is accompanied by an enlargement of the crystal lattice parameter a and by an
increasing of the residual resistivity ρ0. However, the extent of the deterioration depends on the surface
treatment made before the PECVD process. Indeed, the maximum degradation as a result of the PECVD
step was observed for the untreated Nb(20) ﬁlm with TAc - T
C
c = 2.98 K and ΔaAC = 0.042Å, where A and
C identify the samples as indicated in Table I .
The plasma nitridation was found to partially protect the Nb(20) ﬁlm. The PECVD detrimental eﬀect
was indeed diminished to TDc -T
F
c = 1.57 K, ΔaDF = 0.022Å. The smallest variation of Tc and a (T
G
c -
T Ic = 0.42 K, ΔaGI = 0.015Å) were instead observed for Nb(20)/Si sample.
It is interesting to note that the annealing of the samples at 250◦ C also resulted in a signiﬁcant de-
terioration of the superconductivity and in an increase of the crystal lattice parameter. The eﬀect can be
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Fig. 3. Superconductive transition
curves of the 20 nm thick Nb ﬁlms with
diﬀerent surface treatment before and
after both the annealing at 250◦ C and
the PECVD a-Si:H deposition. (a) 20
nm thick Nb ﬁlm without any surface
treatment; (b) 20 nm thick Nb ﬁlm with
nitridation; (c) 20 nm thick Nb ﬁlm cov-
ered by the 3 nm thick Si layer. It
could be appreciated how the surface
treatments and the two sample process-
ing in the PECVD chamber substantially
decrease the Tc, deteriorate the sharp-
ness of the transition together with the
increase of its width and noticeably in-
crease the Nb residual resistivity ρ0.
attributed to the partial dissolution of the native oxide layer and the following oxygen diﬀusion into the Nb
ﬁlm, leading to an enhancement of the interstitial oxygen concentration underneath the ﬁlm surface [14].
Thus, after annealing we observed a signiﬁcant decrease of Tc and increase of a for the Nb(20) ﬁlm and
for the Nb(20)/Nb Nitride ﬁlm. The Tc diﬀerence in the ﬁrst ﬁlm was of 53 % of the Tc drop caused by
the PECVD process while in the second annealed ﬁlm the Tc drops was of 70 % of the case of the PECVD
process. Also, the diﬀerence of a for both cases was less than that observed after the PECVD process. On
the other hand, for the Nb(20)/Si sample there was no drastic deterioration of Tc and expansion of the crystal
lattice parameter a after the annealing step (the Tc diﬀerence was of 38 % of the value obtained after the
a-Si:H growth by PECVD, and the diﬀerence of a was of 33 %).
These results show that a signiﬁcant role in the deterioration of the superconductivity during the PECVD
process is played by oxygen diﬀusion, as an undesirable eﬀect of the required substrate heating. The an-
nealing at 250◦ C seems to be detrimental even on the ﬁlms with nitridation. Interestingly, the sputtered a-Si
buﬀer layer eﬀectively prevents the formation of the native Nb surface oxide and its decomposition with
subsequent oxygen diﬀusion caused by the heating up to 250◦ C. Moreover, the a-Si seems to work as a
protective layer which eﬃciently blocks also the hydrogen diﬀusion during the a-Si:H layer growth.
Finally, Fig. 4 shows the suppression of Tc of the Nb ﬁlms without any surface treatment and with dif-
ferent thicknesses, after the annealing step and after the a-Si:H deposition: in both cases the eﬀect decreases
with the increase of the Nb ﬁlm thickness.
The interstitial oxygen and hydrogen expand the crystal lattice of Nb ﬁlm. This expansion results in the
increase of the residual resistivity ρ0 (see Table I and Fig. 3). Moreover, we found a direct relation between
the suppression of the Tc and the increase of the residual resistivity ρ0. Therefore, the decrease of the Tc can
be attributed to the smearing of the sharp density of state at the Fermi level which, in terms of the McMillan
analysis, leads to decrease of the coupling constant λ [22].
4. Conclusions
We studied the inﬂuence of the a-Si:H deposition by PECVD on the superconducting and structural
properties of Nb ﬁlms treated by two surface protection methods: plasma nitridation and deposition of a
thin a-Si layer. We observed that the main Tc suppression mechanism was the decomposition of the Nb
native surface oxides and oxygen diﬀusion caused by the heating of the sample at 250◦ C, required for
the growth of high quality a-Si:H. We demonstrated that in situ sputtered thin a-Si layer works well as a
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Fig. 4. Tc suppression by the annealing and by the
PECVD process for Nb ﬁlms with diﬀerent thick-
nesses without any surface treatment. Open symbols
indicate the results for the reference samples. Semi-
closed symbols show the results for the annealing pro-
cess. Closed symbols are the data obtained after the
a-Si:H deposition by PECVD.
protective method against both the oxygen and hydrogen diﬀusion. We note that the plasma nitridation
eﬀectively protected the Nb ﬁlm from the hydrogen diﬀusion, but ineﬃciently from the oxygen diﬀusion.
Moreover, we found that the extent of the Tc suppression caused by the annealing and by the complete
PECVD process inversely depends in both cases on the Nb ﬁlm thickness.
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